While autocorrelation analysis provides the sensitivity Furthermore, it offers a wide range of accessible reactions, restricted only by the prerequisite that a chemical bond or a physical of observing properties of single molecules the method, interaction between two spectrally distinguishable fluorophores is in some circumstances, lacks the specificity for deestablished or broken. Recently, the optical setup of dual-color tecting a particular fluorescent species one may be fluorescence correlation spectroscopy has been extended toward interested in, e.g., the substrate or the product of a two-photon excitation, resulting in several advantages compared biochemical reaction. More subtle changes of one fluowith standard excitation, such as lower fluorescence background, rescent species are sometimes obscured by others. This an even larger spectrum of potential fluorescence dyes to be used, inherent limitation of single-color methods becomes as well as a more stable and simplified optical setup. So far, the more significant if short measurement times with excelmethod has been successfully employed to analyze the kinetics lent signal-to-noise ratios are to be achieved as it is a of nucleic acid and peptide modifications catalyzed by nucleases, prerequisite for high-throughput screening applicapolymerases, and proteases. ᭧
Application of dual-color fluorescence cross-correlation in the biosciences was first suggested by Eigen and Rigler in 1994 (16) . The first experimental demonstration of cross-correlation was reported by Schwille et al. (17) with measurements of the hybridization of two Fluorescence correlation spectroscopy (FCS) was inoligonucleotides labeled with different fluorescent dyes. troduced in the early 1970s (1-5). Confocal spectros- Rigler et al. (18) applied the concept to the detection of copy in general and FCS in particular open the possibilamplified polymerase chain reaction products emity of observing processes on the single-molecule level.
ploying labeled primers for both strands. Like DNAThe range of FCS applications extends from photophys-DNA interactions protein-protein interactions also can ical dynamics of fluorescent dyes or proteins (6) (7) (8) , conbe detected, as demonstrated only recently by Bieschke formational dynamics (9, 10) , and interactions of macroet al. (12) with the sensitive measurement of prionmolecules (11, 12) to biochemical kinetics (13) (14) (15) to protein aggregations. Direct observation of enzymatic name only a few of numerous examples. FCS measureprocesses has been put forward by Kettling et al. with on-line measurements of the enzymatic cleavage of a 1 To whom correspondence should be addressed at Max Planck DNA substrate by EcoRI endonuclease (13) and by peptide by the protease subtilisin (19) . Recent develop-recorded by a sensitive detector, e.g., avalanche photoments of dual-color approaches extend their applicabil-diodes. Excitation and detection wavelengths have to ity from purely explorative subjects to sensitive detec-be separated by appropriately chosen dichroic mirrors tion in high-throughput-screening applications (20) . and filters. New and promising photophysical detection principles The optical setup resembles single-color systems but (21) as well as new data processing methods comple-is somewhat complicated by the necessity to align the menting correlation analysis (22-24) have been devel-excitation beam paths and detection optics, on the one oped.
hand, and discrimination between two excitation and two emission wavelengths by a properly chosen set of dichroic mirrors and filters, on the other hand. The
DUAL-COLOR CONFOCAL FLUORESCENCE
experimental realization first proposed by Schwille et al. in 1997 (17) is sketched in Fig. 1 fluo-1999 (20) are reflected by a dichroic mirror to the back rescence fluctuations on the molecular level employ a aperture of the microscope objective. The fluorescence confocal optical setup. The basic principle here is the emission from the focal spot is collected by the highepi-illumination of a measurement volume of several aperture objective, traverses the dichroic mirror, and 100-nm in diameter with a high-aperture microscope is focused to the pinhole in the image plane with a objective. By virtue of their high spatial, temporal, and diameter of 30-70 m. After passing the pinhole the spectral stability, lasers are used for illumination of the two emission wavelengths are separated by a dichroic focal spot. By placing a confocal pinhole in the image beam splitter and focused to separate detectors. Any of plane of the objective the axial dimensions of the meathe dichroic mirrors may be combined with suitable surement volume can be restricted to few micrometers optical filters to achieve proper spectral separation bein length. The resulting open detection volume is correstween the different spectral windows of excitation and pondingly of about 1 fl in size. Fluorescence photons emanating from this small open detection volume are emission. The optical properties of a system of filters FIG. 1. Dual-color fluorescence cross-correlation spectroscopy setup. Two parallel laser beams are focused by a microscope objective on the sample volume. This results in two superimposed focal spots, forming a confocal volume element in the femtoliter range. The fluorescence light that is collected by the same microscope objective is separated from the excitation light by a dichroic mirror and focused onto a pinhole by a lens. The pinhole, with an adjustable diameter, is located in the image plane of this lens and its position can be adjusted precisely in the x-y-z axes. Fluorescence emission is parallelized, separated by a dichroic mirror into green and red fractions, and refocused on two avalanche photo diodes. Reproduced with permission from U. Kettling and mirrors employed for detection of cross-correlation have been changed to measure at different wavelength combinations. Adjustment is commonly done with soluof a "green" and a "red" fluorescent dye are depicted in Fig. 2 (the terms "green" and "red" are chosen for tions of free fluorescent dyes that are to be used in the experiments. Since the diffusion constants of freely simplicity; in dual-color applications dye combinations emitting in the green and red spectral regions are often diffusing dye molecules are known from the literature, proper adjustment of the system can be checked sepachosen). Systems employing two pinholes, i.e., one for each detection channel, have also been implemented. rately for each color by evaluating autocorrelation curves. However, to detect molecules at both colors siThis solution is technically more complex but allows for correction of wavelength-dependent effects such as multaneously, as is necessary for cross-correlation analyses, it is vital that the open detection volumes at both different sizes of the confocal volume elements for the different excitation wavelengths.
wavelengths are identical. Obviously the most simple and meaningful routine checks are measurements with Adjusting the optical system is of vital importance. While the basic adjustment of the system of lenses, pure solutions of double-labeled molecules with known cross-correlation amplitudes. If these are not available, mirrors, and filters is usually done once when installing the system, the positions of the pinholes in all three free fluorescent dyes might serve a similar purpose. As suggested by Schwille et al. (17) overlap of the two spatial dimensions have to be adjusted routinely (usually every day) but inevitably when dichroic mirrors excitation volumes can be checked with a fluorescent dye of similar absorption cross section for the two excitation wavelengths. This is made possible by the the fact that most of the long-wavelength dyes have nonzero absorption cross sections at wavelengths well below their absorption maxima. If the correlation results measured for both excitation wavelengths without changing the detection optics are similar within 10%, a reasonable overlap of the focal spots is given. In a similar procedure proper adjustment of the detection beam paths of both channels can be checked employing one dye emitting at both detection wavelengths. For this purpose short-wavelength dyes are used that commonly show nonzero emission at wavelengths considerably larger than their emission maximum. The short-wavelength dye is excited by the short-wavelength laser only and emission is detected in both channels. Then the accuracy by which the two autocorrelations and the cross-correlation resemble each other is a direct measure for the superimposition of the two detection volumes. Apart from these purely instrumental requirements for cross-correlation spectroscopy several other points have to be addressed when designing a particular assay. First, a careful selection of the fluorescent dyes to be employed is essential. General properties of fluoro- both fluorescent dyes are excited by the same laser line, is less complicated to handle than emission cross-talk, TWO-PHOTON EXCITATION METHOD where photons emitted by the same fluorescent dye are detected in both channels. Obviously, the former does Since the technical task of aligning the two confocal not produce false positive cross-correlation while the laser spots to one identical measurement volume and latter does. Some cross-talk between the channels is ensuring stability of this setup is all but simple, one inevitable but appropriate checks have to be performed might think of two fluorescent dyes excited at the same and taken into account when interpreting the results. wavelength but emitting at two spectrally separated Fluorescence quenching might be another issue in wavelengths. Unfortunately, finding these two dyes some applications. For instance it is known that rhoda-with extremely different Stokes shifts proves to be a mine dyes can be quenched by guanine residues in DNA difficult task and no such combination has been prosubstrates. The quenching of the dye and concomitantly posed yet. A different solution to the problem has rethe fluorescence count rate might change in the course cently been proposed by Heinze et al. (21) by using twoof a biochemical reaction, e.g., when exonucleolytically photon excitation of fluorescent dyes. digesting a rhodamine-labeled DNA substrate. In first
The method makes use of the fact that fluorescent approximation this will not change the results of the dyes with absorption maxima in the near-UV and visicorrelation. For more precise analyses, this can be ac-ble spectral regions can be excited by quasi-simultanecounted for by multiparameter fitting of auto-and ous absorption (within 10 Ϫ15 s) of two or more photons from a near-IR laser, an effect generally refered to as cross-correlation data in parallel using Eq. [5] (see betwo-photon or multiphoton excitation (26) (27) (28) . Besides low). Additionally, the quenching observed can be dethe crucial fact that in this way fluorophores emitting pendent on the base sequence of the DNA substrate and in different spectral regions can be excited by the same caution might be advised in extrapolating experiences IR laser source, this solution has some more inherent from one assay to another. Having considered all these advantages. The two-photon absorption process is nonpoints in designing the assay substrates, conditions in linear (formally it is of second order with respect to the confocal setup have to be determined, most importhe radiative flux density). Accordingly the two-photon tantly the concentration range at which the fluorescent excitation probability declines with z Ϫ4 in a distance z substrate can be used and the excitation power to be from the focal plane. The pinhole needed in convenchosen. This is essentially an experimental task. Fixing tional confocal spectroscopy to constrain the focal volthe excitation power involves a trade-off between photoume in the z direction is therefore of minor importance stability of the dyes, on the one hand, and good signalin this application and may be omitted completely. This to-noise ratios or short measurement times, on the is obviously an attractive feature from the technical other hand. Generally, similar count rates for both fluo-point of view and simplifies the adjustment of the setup. rescent dyes is the aim. Determination of appropriate Another aspect arises in the context of measurements assay concentrations has to consider some more as-in biological samples such as measurements in the intepects. At relatively low particle numbers only few mole-rior of single cells or in tissues. Measurements at short cules traverse the focal spot in a given time and analysis wavelengths often suffer from intrinsic fluorescence of might be rather time consuming, whereas at relatively the sample itself, which complicates the measurement high occupation numbers the relative fluorescence fluc-and the interpretation of the results. Two-photon excituations become smaller, rendering any confocal tation will considerably reduce similar problems. Onemethod insensitive. Therefore, the appropriate assay photon Stokes fluorescence, if there is any at all, will concentration is critically dependent on the aim of the be emitted at even larger wavelengths then the IR excimeasurement and the underlying knowledge. If little tation and therefore will not interfere with the twois known about the molecular species observed during photon anti-Stokes fluorescence emission wavebands. the course of a reaction, e.g., in terms of diffusion times, Given the high radiative flux density required for FCS quenching characteristics, moderate concentrations measurements decreased photodestruction of sample may be a good choice (e.g., occupation numbers between is another advantage of two-photon excitation. First, about 1 and 5). If, on the other hand, virtually every-absorption cross sections in biological samples are conthing is known about the assay except one particular siderably smaller in the IR than for visible irradiation; parameter, then much higher concentrations can work second, any two-photon excitation is restricted to the well. For a more detailed discussions of the physical small focal volume since the excitation probability is of aspects of cross-correlation algorithms and analyses see second order with respect to the radiative flux density and, therefore, virtually zero outside. Schwille (25) . difference of the instantaneous fluorescence from the CROSS-CORRELATION AND COINCIDENCE temporal mean, ␦F ϭ F(t) Ϫ ͗F(t)͘ and i,j (r,g) are ANALYSIS the red and the green detection channels. Taking i ϭ j then leads to the autocorlation functions G rr and G gg , The primary variable measured in confocal fluores-while i j gives the cross-correlation function G gr for cence spectroscopy is the fluctuation of the fluorescence the two fluorescent species. Taking into account the signal arising from single fluorescent molecules in the characteristics of the excitation and detection optics a tiny focal measurement volume. The fluctuations either functional relation between the correlation function may arise from the passing of molecules into and out and the occupation times for translational diffusion for of the open volume element or may be due to intrinsic a single fluorescent species can be found (29) : molecular dynamics such as rotation, intersystem crossing to the triplet state, or other photophysical phenomena. The amplitude of fluctuations from any single
fluorescent molecule is inversely related to the occupation number, i.e., the mean number of fluorescent mole-
[2] cules within the detection volume. Therefore, confocal fluorescence spectroscopy has the somewhat peculiar
Here r 0 and z 0 are the radial and axial dimensions of feature that concentrations of the substance to be meathe focal spot, Diff is the characteristic diffusion time sured are restricted to relatively low values, usually of the fluorescent molecules, and G(0) is the correlation with an optimum at occupation numbers between 1 and amplitude. For systems with several fluorescent species 100. At occupation numbers well below 1, the same the total correlation function may be expressed as a measurement precision needs drastically increased sum of independent correlations, measurement time since most of the time there is no signal to be evaluated. On the other hand, at considerably higher occupation numbers the relative fluorescence shift due to single-molecule fluctuations becomes
[3] too small to be detected and evaluated accurately. In general, confocal fluorescence spectroscopy works well in the pico-to nanomolar range. [3] then simplifies to algorithm used to extract certain molecular properties. Which method is suitable to address a certain experi-
[4] mental task has to be decided for any particular case independently.
FCS, the most widespread and best known confocal Fluorescence fluctuations originating from intramolecspectroscopic method, uses correlation analysis to ex-ular processes like intersystem crossing of fluorophores tract the temporal correlation of the signal and thereby to the triplet state at high radiative flux density have the underlying time constants of fluorescence fluctua-to be taken into account additionally. The correlation tions. Assuming that diffusion is the sole source of fluc-function then has to be corrected for the fraction of dye tuation, this translates to mean occupation numbers molecules in triplet state T: and occupation times of the focal volume, which in turn may be expressed as diffusion constants and concentrations of the fluorescent molecular species in the system. 
tion function. Concentration and diffusion constants estimated from the autocorrelation functions are then given by where the fluorescence fluctuation ␦F is defined as the [6] number. In scheme C the molecule carries two different labels. Since the cross-correlation amplitude is directly proportional to the number of cross-correlating moleDiff,ij,k ϭ r 2 o,ij /4D k . [7] cules, here the total dynamic range of the correlation amplitude can be used for data evaluation. Under ideal The effective measurement volume V eff,ij ϭ ( 3/2 r 2 0 z 0 and experimental conditions this may encompass two orstructure parameters (z 0 /r 0 ) are generally and conveders of magnitude, opening thereby the possibility of niently estimated from calibration measurements with measuring enzyme activities that lead only to very free fluorescent dyes of known concentration and diffusmall changes in substrate or product concentrations. sion constants. The relative amplitude of the cross-corIt may be only briefly mentioned here that in the relation function is directly proportional to the occupaexperimental setup nonideal conditions will be encountion number of the focal spot since for cross-correlation tered, e.g., differing effective measurement volumes at the denominator of Eq.
[1] encompasses all fluorescent the different wavelengths, cross-talk between the fluomolecules (all auto-and cross-correlating species) while rescent dyes, and incomplete overlap of the focal spots, the numerator is a function of the cross-correlating spewhich are not covered by the above calculus. Again for cies only. With the assumption of identical detection a thorough discussion Schwille (25) may be advised. volumes V eff for all correlations the concentration of the Evaluation of the correlation function gives estimates cross-correlating species is then given by for the concentration and the diffusion times of the fluorescent species. While both parameters are of signifc gr ϭ G gr (0)/(V eff G gg (0)G rr (0)).
[8] icance in many explorative experimental protocols the situation is different in screening applications. Here To exemplify the advantages of cross-correlation con-often only concentrations of the fluorescent species have sider the reaction sketched in Fig. 3 assuming the enzy-to be measured and short measurement times are immatic cleavage of a macromolecular substrate. In portant when large libraries are to be screened. Winkler scheme A the molecule carries only a single label. The et al. (20) have proposed a simplified analysis for these number of fluorescent particles will not change in the applications termed confocal fluorescence coincidence course of the reaction, whereas the molecular weight analysis (CFCA), which allows for on-line evaluation of and therefore the diffusion time of the product will. the concentrations of cross-correlating particles in the With the Stokes-Einstein relation sample. This is in contrast to FCS, where the fitting procedure usually is not performed concurrent to the measurement. The coincidence K is defined as D ϭ kT 6R h , [9] and the assumption that in the first approximation the
] hydrodynamic radius R h of a molecule may be assumed to be proportional to the cubic root of its molecular where N ij are photon count numbers for the two emisweight M, i.e., R h Ϸ Ί 3 M, Eq.
[6] may be written sion wavelengths sampled in a time interval ⌬t and
F i,j (t) dt and n is the number of time intervals
Diff ϭ 3 2
[10]
of length ⌬t sampled. The coincidence is formally identical to the, commonly nonexistent, zeroth channel of the The diffusion time of the product with half of the molecular weight of the substrate may therefore be expected cross-correlation and takes advantage of the fact that the cross-correlations are inherently shot-noise-free in to be only 20% smaller than the diffusion time of the substrate. In scheme B the substrate molecule carries contrast to the autocorrelations. Furthermore it is advantageous that the coincidence value determined is two identical labels. For the diffusion constant the same applies as in scheme A but the particle number will insensitive to movement of the sample. The lower boundary for analysis times in confocal setups is given change by a factor of 2 in the course of the reaction. This is surely an advance in comparison to the conditions of by the fact that a statistically meaningful number of molecules has to be detected. The number of molecules scheme A. But taking into account nonideal conditions encountered in real measurements some more subtle diffusing through the focal spot is proportional to the concentration and the diffusion constant of the fluoreschanges in the reaction may be difficult to detect if the utmost change we can expect is doubling of the particle cent species (16) . A lower threshold of the measurement time for a required signal-to-noise ratio is produced by been thoroughly investigated. Consequently, there exists an arsenal of methods for analyzing the catalytic the limited concentration range for confocal measureactivity of restriction endonucleases. Many of them are ments (as pointed out above) and the fact that the diffuvery sensitive, especially when employing radioactive sion constant cannot usually be raised significantly. labels and separation techniques such as electrophoreHowever, without changing the occupation number the sis. Sensitivity is important, because the substrate recnumber of molecules detected can be increased by ognition of restriction endonucleases is extraordinarily applying a relative movement of focal volume and samspecific, corresponding to K m values in the nanomolar ple, a procedure usually termed "scanning." Using range. However, all but a few of these techniques are CFCA and implementing relative movement of the saminevitably off-line. On-line methods, on the other hand, ple Winkler et al. (20) to be in close vicinity to the cleavage site to show the The complete mathematical calculus of the method is desired resonance energy transfer. Interactions berather complex and not within the scope of this article. tween the labels and the enzyme can therefore not be The essential point to keep in mind is that histogram ruled out. In fact the results show that the shortest analysis can deduce particle numbers and molecular oligonucleotide tested shows higher affinity to the enbrightness values for different fluorescent species, con-zyme, which Ghosh et al. (31) attributed to hydrophobic trasting and complementing FCS, where particle num-interactions between the fluorescent labels and the enbers and diffusion times can be calculated. Therefore, zyme. Halford and Johnson (32) follow the decrease suitable targets for this method are assays where only in fluorescence of ethidium bromide released from a minor changes in the diffusion characteristics are to be degraded double-stranded DNA substrate. A sensitivity expected. As an example, molecular brightness is the of the assay in the nanomolar range is reported. Almethod of choice to determine the fraction of ligand-though any effect of the intercalated ethidium bromide bound to unbound receptor molecules integrated into a on the enzymatic process is ruled out by the authors, lipid vesicle and, thereby, to enable the determinination interactions between the dye and the enzyme and disof affinity constants of ligands or inhibition efficiency tortions of the DNA structure by the dye cannot be of potential receptor antagonists (24) .
excluded generally. The combination of both necessities, i.e., real-time analyses in homogeneous formats combined with sensitivities at and below the K m of restric-
EXAMPLE: ENDONUCLEASE KINETICS
tion enzymes, is achieved only by dual-color confocal fluorescence techniques such as dual-color FCS. The first example employing the particular features EcoRI recognizes as a dimer specifically the palinof dual-color FCS for the analysis of enzyme kinetics dromic recognition sequence GAATTC in a DNA double was the investigation of endonuclease-catalyzed DNA strand and catalyzes hydrolysis of the phosphodiester digestion. This study was done in the authors' labora-bond between the guanosine and the first adenosine tory using the class II restriction enzyme EcoRI as a monomer in each of both strands (33). To enable analymodel enzyme (13) . Endonucleases in general and class sis of cleavage by dual-color FCS, in the above-men-II restriction enzymes in particular are well known en-tioned study a linear, double-stranded, 66-bp-long DNA substrate containing the EcoRI recognition site was zymes, whose catalytic mechanisms and kinetics have synthesized and labeled at the two respective 5Ј ends and excited with the blue 488-nm line of an Ar + laser, and Cy5 (Amersham Pharmacia), referred to as the red with spectrally distinguishable fluorophores. The fluorophores chosen were Rhodamine Green (RhG, Molecu-label and excited with the red 633-nm line of a HeNe laser. The 66-bp DNA molecule can be expected to have lar Probes, Eugene, OR), referred to as the green label   FIG. 3. Comparison of single-and dual-color measurements for the analysis of cleavage reactions. Correlation curves calculated from Eqs.
[2], [3], and [5] . Scheme A: single-label substrate; scheme B: double-label single-color substrate; scheme C: double-label dual-color substrate. Arrows indicate reaction progress. For explanation, see text.
a linear structure in solution with the labels attached the decreasing concentration of nonhydrolyzed DNA substrate over time can be calculated. Using this data to opposite ends. When comparing the sizes of the substrate molecule and the enzyme dimer when drawn in evaluation, the kinetics of EcoRI cleavage have been analyzed at substrate concentrations between 1 and scale (see Fig. 4 ), it is obvious that the distance between the cleavage site and the fluorophores avoids any interaction between enzyme and labels as is typical for other artificial substrates. This particular feature of dualcolor FCS, i.e., the general freedom to attach the fluorescent labels anywhere appropriate at the molecule to be detected, is one of the striking advantages compared with assay principles based on the interaction of fluorophores with each other (e.g., fluorescence resonance energy transfer) or with other molecule portions (e.g., quencher groups) (31) . By applying different fractions of labeled to unlabeled substrate at constant overall substrate concentrations, it has been experimentally verified that the labels attached at the ends of the DNA molecule do not interfere with the enzyme's catalytic action. Moreover, the labeled substrate can serve as a one-to-one indicator for cleavage of unlabeled DNA, allowing measurement at a much broader concentration range than appropriate when applying only the fluorescent substrate (13) .
Hydrolysis of the DNA molecule followed by release of the two fragments from the enzyme dimer interrupts 130 nM (Fig. 6) . The results confirmed the well-known OTHER APPLICATIONS Michaelis-Menten behavior of EcoRI, revealing a K m of 14 Ϯ 1 nM and a k cat of 4.6 Ϯ 0.2 min Ϫ1 . Comparison of Similar to the dissociation of two labeled fragments, these kinetic constants with literature data is difficult, the association of the labels can also be monitored by because a variety of substrates have been used under dual-color FCS. Rigler et al. (18) report the incorporadifferent assay conditions, and especially K m values tion of labeled oligonucleotide primers into a PCR prodseem to depend sensitively on the type of substrate uct. The forward and reverse primers of the reaction employed. Methods, however, that are, like off-line elec-are labeled with different fluorescent dyes. Correlation trophoretic analyses of plasmid cleavage, as sensitive of the emission of the dyes can be sensitively detected as dual-color FCS and enable kinetic analyses at nano-after incorporation into the resulting double-stranded molar concentrations and below revealed similar K m PCR product. Koltermann et al. report the enzymatic values in the low nanomolar range (1-10 nM) (32) . degradation of a double-labeled peptide by an unspecific These values fit well with the natural function of re-protease subtilisin (19) . Besides unspecific proteases striction endonucleases, i.e., to recognize and cleave like subtilisin, sequence-specific proteases are of vital single copies of foreign DNA molecules in a bacterial importance in numerous biological processes. Therecell (1 nM corresponds to approximately one molecule fore, the characteristics of a sequence-specific protease per Escherichia coli cell). Higher K m values obtained from tobacco etch virus (TEV protease) has been studied by other methods are supposed to be artifacts from in the authors' laboratory using dual-color cross-corremeasurements with artificial substrates at higher con-lation spectroscopy. TEV protease specifically recogcentrations. This corresponds to the often addressed nizes and cleaves the amino acid sequence ENLYFQ(G/ demand to analyze enzyme kinetics at reasonable sub-S). The cleavage of a double-labeled peptide containing strate concentrations above and below the expected this recognition sequence is shown in Fig. 7 . While the K m .
sample without addition of enzyme shows no degradation during the course of the measurement, TEV protease specifically degrades the peptide substrate. The reaction can be followed over the whole nanomolar concentration range. But not only enzymatic processes can be observed using dual-color approaches; protein- protein interactions can also be detected, as demon-of the fluorophores are available as phosphoamidites and can be attached to the 5Ј end of an oligonucleotide strated only recently by Bieschke et al. (12) with the as the final step during solid-phase synthesis on a sensitive measurement of prion-protein aggregations. nucleic acid synthesizer. As an alternative, fluoroThe homogenous assay proposed by Bieschke et al. spephores can be attached to the oligonucleotide after cifically detects the presence of prion-protein aggresynthesis. There exist several alternative protocols for gates in spinal liquor. The method relies on the extreme the chemical labeling of an oligonucleotide. The main sensitivity and specificity of dual-color fluorescence constraint, however, lies in the availability of suitably spectroscopy since these prion-protein aggregates are modified fluorophore derivatives. The most prominent present in extremely low concentrations in the early protocol attaches an amino linker at the 5Ј end during phase of prion-connected diseases like Alzheimer's dissynthesis, which can afterward be labeled with a fluorease and Creutzfeldt-Jakob disease.
ophore carrying an amino-reactive group such as an N-hydroxysuccinimidyl ester. The third way to label oligonucleotides uses a polymerase to introduce the EXPERIMENTAL PROTOCOL fluorescent labels into the DNA strand (11). The method takes advantage of the fact that several of the The main prerequisite for measuring enzyme kinetfluorophores are available as nucleoside triphosphates ics by dual-color FCS are substrates that are labeled (either dNTPs or rNTPs). The labeling can be achieved with two spectrally distinguishable fluorophores. As simply by adding the fluorophore-labeled nucleoside a rule, the signal-to-noise ratio of cross-correlation triphosphates to a primer extension reaction, the reanalysis increases with the spectral separation of the sult of which is directly the labeled nucleic acid moletwo fluorophores employed. Ideally, the fluorophores cule. While this labeling is primarily site unspecific, a should have excitation and emission spectra that do modification enables the site-specific labeling of DNA not overlap at all, to avoid energy transfer as well double strands: after cutting a DNA strand at the ends as cross-talk between the two channels. In practice, with a restriction endonuclease that releases fraghowever, there exists another rather simple but con-ments with overhanging 5Ј ends and purification of siderable constraint: the wavelengths of available la-the DNA by gel electrophoresis, the overhang can be ser lines. Usually the blue 488-nm line of an Ar + laser refilled with one or more fluorophore-labeled nucleoand the red 633-nm line of a HeNe laser are used as side triphosphates by use of a polymerase (typically excitation light sources. With these wavelengths, a the Klenow fragment). However, when unlabeled nutypical pair of fluorophores is Rhodamine Green (RhG, cleoside triphosphates are added to the mixture to fill Molecular Probes) as the green label and Cy5 (Amers-gaps, it is important to consider the much lower incorham Pharmacia) as the red label. Their excitation and poration rate of dye-labeled nucleotides into DNA by emission spectra, as shown in Fig. 2 , fit well with the polymerases. In general, short DNA substrates should two laser lines. Moreover, the emission spectrum of be labeled either during synthesis or afterward at cerRhG has only a small overlap with the excitation spec-tain functional groups such as amino groups. Longer trum of Cy5, resulting in a low-energy transfer and DNA substrates should preferably be end-labeled via cross-talk. Alternative green labels with only slightly refilling appropriate 5Ј overhangs or by using 5Ј-different spectral characteristics are Oregon Green labeled primers and synthesizing the DNA molecule (also a rhodamine derivative, Molecular Probes), Alexa via PCR. Purification from excess reactive fluorophore 488 (Molecular Probes), and Cy2 (Amersham Phar-or from excess labeled PCR primers should be done by macia); an alternative red label is BODIPY 650/665 standard reversed-phase HPLC or polyacrylamide gel (Molecular Probes). All of these fluorophores are avail-electrophoresis to avoid fluorescent background in the able as reactive derivatives. On the other hand, the assay. The degree of labeling (in a purified sample) standard green dye that is excitable at 488 nm, fluores-can easily be determined by measuring the absorption cein, is not suited at all for FCS and other single-at 260-nm for DNA and at the respective absorption molecule analyses due to its strong tendency toward maxima of the employed fluorophores. photobleaching.
The fundamentals of fluorescence correlation specAfter proper choice of fluorophores these have to be troscopy data analyses have been given in detail above. attached to the substrate of interest. For DNA sub-Correlation analysis is done at pretermined intervals strates, there are several ways to attach fluorophores (usually every 10-30 s) and the resulting correlation specifically to a certain position in the molecule. The curves are fitted using Eq. [5] . Fitting is usually done first and most simple way is to introduce the label with a Marquardt nonlinear least-squares regression routine implemented either into special FCS software during chemical synthesis of the oligonucleotide. Some
